We assessed the occurrence and specificity of bacteriophages of Bacteroides fragilis in swine farms for their potential application in microbial source tracking. A local B. fragilis host strain, SP25 (DSM29413), was isolated from a pooled swine feces sample taken from a non-antibiotic farm. This strain was highly specific to swine fecal materials because it did not detect bacteriophages in any samples from human sewage, sheep, goats, cattle, dogs, and cats. The reference B. fragilis strain, RYC2056, could detect phages in swine samples but also detected phages in most human sewage and polluted urban canal samples. Phages of SP25 exist in the proximity of certain swine farms, regardless of their antibiotic use (p > 0.05). B. fragilis strain SP25 exhibited relatively high resistance to most of the veterinary antimicrobial agents tested. Interestingly, most farms that were positive for SP25 phages were also positive for RYC2056 phages. In conclusion, the swine-specific SP25 strain has the potential to indicate swine fecal contamination in certain bodies of water. Bacterial isolates with larger distributions are being studied and validated. This study highlights the importance of assessing the abundance of phages in local swine populations before determining their potential applicability for source tracking in local surface waters.
INTRODUCTION
Animal husbandry is vital to the economies of many developed and developing countries. With the increasing number of domesticated swine, animal waste products have become a concern. Approximately 75% of emerging water pathogens may have animal origins (Cotruvo et al. ) . In Thailand, in 2012, every day, fecal loads with a total biochemical oxygen demand (BOD) of 1.41 × 10 5 kg were released from swine farms into 25 river basins (Water Quality Management Bureau ). Human and swine fecal pollution sources must be differentiated, both to mitigate this pollution via controls implemented at the correct source and to estimate human Bacteroides and enterococci has been attempted, but 100% pig waste specificity has not yet been achieved (Gómez-Doñate et al. ; Purnell et al. ) . In addition, differences in antibiotic practices must be studied for their effects on the prevalence of bacteriophages. This is due to variability in the gut microbial community that has been reported in pigs raised in the same geographical region but with different types of feed and antibiotic practices (Allen et al. ; Looft et al. ) . In-feed antibiotics that serve as growth promoters and therapeutic agents are common in large-scale operations.
These are used to maximize product yields. However, doses and withdrawal periods are controlled to prevent residue in pork meat. Conversely, to reduce costs, no antibiotics are given to pigs in some smallholder livestock systems.
The ultimate goal of this study was to evaluate the prevalence and specificity of bacteriophages detected by local Bacteroides host strains isolated from swine manure vs.
foreign Bacteroides hosts for their potential application in microbial source tracking. First, local isolates of bacterial hosts were obtained, and their specificity in detecting phages from swine feces was assessed via testing against animal manure (sheep, goats, cattle, dogs, and cats), human sewage, and human-polluted canals. Second, surface waters with likely contamination from swine feces were examined to determine the usefulness of swine-specific bacterial hosts in detecting phages. Lastly, the prevalence of phages in swine populations was further investigated by assessing their geographical distribution and farming practice, i.e., farms that administer and do not administer antibiotics. The antimicrobial susceptibility of the swine-specific Bacteroides host strains was evaluated with common antibiotics, including chlortetracycline, colistin, lincomycin, sulfamethazine, tiamulin, and tylosin.
MATERIALS AND METHODS

Sample collection
Fresh fecal samples from various animals were obtained from animal farms and animal shelters in Central Thailand, including Pathum Thani, Phra Nakhon Si Ayuttaya, Nakhon Pathom, Suphanburi, Chachoengsao, and Ratchaburi. A minimum of 30 individual samples of similar origin, with 3.0 to 5.0 g of matter in each sample, were combined to create pooled fecal samples of swine (50), sheep (10), goats (9), cows (11), dogs (10), and cats (10). Fecal samples from swine that were not given antibiotics were collected from local farms that did not provide antibiotics to swine for disease prevention or growthpromoting purposes; in such facilities, antibiotics are only administered to sick animals for therapeutic reasons. Swine fecal samples containing antibiotics were obtained from industrialized farms that used antibiotics to improve growth rates and feed utilization, as well as to prevent and treat diseases.
Two litres of human sewage were collected from the sewage effluents (no treatment) of hospitals (18) and municipal wastewater treatment plants (WWTPs; 3). Two litres of canal water samples were collected from polluted canals (20) in Bangkok that were located alongside heavily populated communities.
Water samples were also taken from ponds (7) that receive water from nearby antibiotic-free swine farms. All surface water samples were collected 1 m below the surface. All samples were handled aseptically and transported on ice to the laboratory on the same day for analysis.
Bacteroides host strain isolation and species identification
Bacteroides host strains were isolated according to a previously published protocol, with slight modifications (Payan et al. ) . In brief, 10 μl of a manure flushing water sample or 10 μl of eluent (Eaton et al. c 
Statistical analysis
Because the experimental data contained multiple detection limits, to prevent bias, the results were presented as the number of samples that showed higher concentrations than the highest detection limit, rather than the number of positive samples. Moreover, environmental detection data were calculated by incorporating data that were lower than the detection limits (Helsel ) . A Q-Q plot revealed that all datasets were not normally distributed.
Consequently, nonparametric statistics were calculated.
Descriptive statistics were computed using the Kaplan- 
RESULTS
Bacteroides host strain isolation and species identification Ninety-one local Bacteroides strains were isolated from swine fecal samples collected from farms that did not administer antibiotics ( (Table 3) . None of the samples from the 17 farms not administering antibiotics was positive for phages of PG76, with a detection limit of 3.2 PFU g feces À1 . Consequently, strain PG76 was considered unsuitable for detecting phages specific to pigs in Thailand and was not tested further.
Seventeen out of fifty swine fecal samples showed positive detection of strain SP25 phages in a range of 1.0-869.6 PFU g feces À1 , with sample detection limits ranging from 0.65 to 3.2 PFU g feces À1 (Table 3) . Of the 17 SP25-phage-positive samples, 15 were higher than the highest detection limit of 3.2 PFU g feces À1 . The median and 75th percentile for SP25 phages in swine fecal samples were 1.0 and 9.8 PFU g feces À1 , respectively. In comparison, strain RYC2056 phages were found in 26 out of 50 pooled swine fecal samples; 23 of these were detected at levels higher than the highest detection limit of 3.2 PFU g feces À1 (Table 3) , and the other three positive samples were detected at 1.0, 2.5, and 2.6 PFU g feces À1 . Strain RYC2056 phages were detected in a range of 1.0 to 6,173.2 PFU g feces À1 ,
with the median and 75th percentile being 2.6 and 259.0 PFU g feces À1 , respectively. The phages of strains SP25 and RYC2056 were simultaneously present in 14 pooled swine fecal samples at concentrations higher than 3.2 PFU g feces À1 (Figure 1) . Interestingly, most of the positive samples (16 out of 17 samples) for SP25 phages were co-detected with RYC2056 phages. Therefore, when samples Step 1 ¼ number of colonies that showed dark halos on BBE agar plate.
b
Step 2 ¼ number of isolates that grew only under anaerobic conditions, not under aerobic conditions. c
Step 3 ¼ number of isolates that showed Gram-negative and rod-shaped characteristics.
d
Step 4 ¼ number of isolates that grew well in BPRM broth. e
Step 5 ¼ isolates that could detect phages in another three swine fecal samples from non-antibiotic farms. were screened as positive for RYC2056 phages, 61.5% (16 out of 26 samples) of them were positive for SP25 phages.
Significantly lower concentrations of SP25 phages were detected in the pooled swine fecal samples than phages of strain RYC2056 (p ¼ 0.000, paired Prentice Wilcoxon test).
Furthermore, in pig fecal samples, a moderate correlation between both phages was noted (tau-a 0.329; Supplemental   Table S1 , available with the online version of this paper).
The abundance of fecal indicator bacteria, i.e., total coliforms and E. coli, in pig feces was analyzed to determine its relationship with phage abundance, but no significant correlation was observed ( Supplemental Table S1 ). percentiles and maximum concentrations of strain-RYC2056 phages in human sewage samples were 338.3, 742.9, 1,472.0, and 5,699.0 PFU 100 ml À1 , while those in urban canal samples were 131.0, 447.0, 1,445.0, and 4,543.0 PFU 100 ml À1 , respectively. To evaluate the applicability of phage detection in surface water with potential swine fecal contamination, seven ponds near non-antibiotic swine farms were tested. SP25 phages were found in two pond samples. RYC2056 phages were detected in three pond samples, two of which were higher than the highest detection limit of 19.0 PFU 100 ml À1 . SP25 phages were not detected in the pond samples that were positive for strain RYC2056 phages and vice versa. This indicated that RYC2056 could detect human-polluted samples, while SP25 was very specific to swine fecal pollution. In an attempt to better understand the presence and prevalence of phages, the microbial and physicochemical parameters were measured, and their values are presented in Supplemental Table S2 (available with the online version of this paper). No significant correlation between phages and other parameters were noticed, except in urban canal samples, where RYC2056 phages showed a significant correlation with total coliforms (tau-a 0.663; Supplemental   Table S1 ).
Investigating the effects of in-feed antibiotics on the detection of bacteriophages in swine feces and the in vitro susceptibility of bacterial hosts
To examine whether antibiotics used on farms had an effect on the prevalence and concentrations of bacteriophages in swine fecal samples, phages of SP25 and RYC2056 were analyzed based on pooled swine fecal samples from farms that used or did not use antibiotics (Table 3) . SP25 phages were detected in 9 of 24 pooled swine fecal samples from farms using antibiotics, one of which presented a concentration lower than the highest detection limit of 2.6 PFU g feces À1 . The 50th and 75th percentiles and maximum concentrations of SP25 phages in swine fecal samples that used antibiotics were 1.0, 9.8, and 869.6 PFU g feces À1 ,
respectively. Among swine farms not using antibiotics, 8 of 26 were positive for phages of SP25, 7 of which were higher than the highest detection limit of 3.2 PFU g feces À1 . The 25th, 50th, and 75th percentiles and maximum concentrations were 1.0, 1.0, 15.0, and 581.3 PFU g feces À1 ,
respectively. There were no significant differences in the number of strain-SP25 phages for both types of farms CFU g feces À1 versus from 10 5.55 to 10 8.94 and from 10 5.41 to 10 8.61 CFU g feces À1 , respectively.
Although the concentrations of both bacteriophages
were not significantly different in pooled swine feces from Geographical distribution of SP25 phages in pooled swine fecal samples
The occurrence of SP25 phages in partial swine populations was further evaluated by geographic area. SP25 phages were unevenly distributed among farms, with no effect on the part of antibiotic practices (Figure 2 ). SP25 phages were detected in Pathum Thani, Nakhon Pathom, Chachoengsao, and Suphanburi provinces. In Pathum Thani, Nakhon Pathom, and Chachoengsao provinces, the swine farms containing SP25 phages in their fecal samples were located in close proximity to one another, while the other farms, which did not contain SP25 phages, were in areas adjacent to one another.
DISCUSSION
In this study, B. fragilis strains PG76 and RYC2056 isolated from Spain were assessed in comparison to locally isolated strain SP25 in terms of their ability to detect phages specific to swine fecal sources. Strain PG76 was not suitable for use in Thailand due to the absence of phages in Figure 2 | Geographical distribution of SP25 phages in pooled swine fecal samples; ○, antibiotic swine farms with detectable SP25 phages (higher than 2.6 PFU g À1 ); •, antibiotic swine farms with non-detectable SP25 phages (lower than 2.6 PFU g À1 ); □, non-antibiotic swine farms with detectable SP25 phages (higher than 3.2 PFU g À1 ); ▪, non-antibiotic swine farms with non-detectable SP25 phages (lower than 3.2 PFU g À1 ).
pooled swine fecal samples from non-antibiotic farms.
RYC2056 phages were detectable in swine fecal samples, phages were prevalent in certain groups of farms that were located in close proximity to one another, with no apparent effect on the part of antibiotics administration in the facilities.
This suggests that the SP25 host strain could be locally useful for tracking swine fecal pollution in specified districts.
The present study found that B. fragilis strain SP25, although isolated from pooled pig feces with no in-feed antibiotic administration, demonstrated a high level of resistance to the antibiotics tested. This was in agreement with a report that showed a high background level of antibioticresistant genes in non-antibiotic-fed swine, even though the genes conferred were resistant to antibiotics not admi- December 2012 to June 2014 to cover both the wet and dry seasons. In farms that do not administer antibiotics in feed, pigs were fed with different food types, ranging from spoiled food scraps to instant swine feed. On the other hand, farms that provide antibiotics in feed to pigs tend to use instant swine food. Our preliminary analysis showed that the presence and abundance of phages of strain SP25 did not follow an explicit trend with regard to pig age and season (data not shown).
CONCLUSIONS
The present study provided an insight into variability in the abundance and fecal-source specificity of bacteriophages as detected by B. fragilis hosts. This study also emphasized the need to characterize the occurrence of phages in local swine populations prior to determining their potential applicability for source tracking in local surface waters.
